Three dimensional modeling of laterally loaded pile groups resting in sand  by Elhakim, Amr Farouk et al.
HBRC Journal (2016) 12, 78–87Housing and Building National Research Center
HBRC Journal
http://ees.elsevier.com/hbrcjThree dimensional modeling of laterally loaded pile
groups resting in sand* Corresponding author.
Peer review under responsibility of Housing and Building National
Research Center.
Production and hosting by Elsevier
http://dx.doi.org/10.1016/j.hbrcj.2014.08.002
1687-4048 ª 2014 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research Center.Amr Farouk Elhakim a,*, Mohamed Abd Allah El Khouly a, Ramy Awad ba Public Works Department, Faculty of Engineering, Cairo University, Egypt
b Civil Engineering Department, Queen’s University, CanadaReceived 17 May 2014; revised 9 July 2014; accepted 6 August 2014KEYWORDS
Laterally loaded piles;
Numerical;
Three dimensional;
Pile groups;
Lateral pile movementAbstract Many structures often carry lateral loads due to earth pressure, wind, earthquakes, wave
action and ship impact. The accurate predictions of the load–displacement response of the pile
group as well as the straining actions are needed for a safe and economic design. Most research
focused on the behavior of laterally loaded single piles though piles are most frequently used in
groups. Soil is modeled as an elastic-perfectly plastic model using the Mohr–Coulomb constitutive
model. The three-dimensional Plaxis model is validated using load–displacement results from
centrifuge tests of laterally loaded piles embedded in sand. This study utilizes three dimensional
ﬁnite element modeling to better understand the main parameters that affect the response of later-
ally loaded pile groups (2 · 2 and 3 · 3 pile conﬁgurations) including sand relative density, pile
spacing (s= 2.5 D, 5 D and 8 D) and pile location within the group. The ﬁxity of the pile head
affects its load–displacement under lateral loading. Typically, the pile head may be unrestrained
(free) head as the pile head is allowed to rotate, or restrained (ﬁxed) head condition where no pile
head rotation is permitted. The analyses were performed for both free and ﬁxed head conditions.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center.Introduction
Pile foundations are often necessary to support structures
when soil conditions are not favorable, so the pile foundationsare required to carry the superimposed load and transfer it to a
higher resistant stratum through its bearing and shaft resis-
tance. Piles may also be subjected to lateral loading on abut-
ments and piers which may be caused by earth pressure, ship
mooring and berthing forces and wave action. Also lateral
loads may occur as a result of wind and unpredicted events
such as earthquakes, slope failure and lateral ground spreading
induced by liquefaction.
Full scale load tests are the best means for investigating the
behavior of laterally loaded piles, they are expensive and time
consuming. Other experimental models for determining the
movement of the pile under lateral load include 1 g models
[1,2], and centrifuge tests [3,4]. However such methods are only
Table 1 Summary of test sand properties.
Properties Sand 1 Sand 2
Gs 2.645 2.645
c (kN/m3) 14.5 14.05
Dr% 55 36
u 37 35
Esoil (MPa) 40–45 25–35
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replicate the exact site conditions.
In this study, three dimensional ﬁnite element analyses are
used to better understand the response of laterally loaded pile
groups embedded in sand as outlined in this paper.
Numerical model
The three-dimensional ﬁnite element program Plaxis 3D
Foundation was adopted in the numerical analysis of this
study. Soil is modeled using quadratic 15-node wedge elements.
Piles are modeled using beams which are structural objects used
to model slender structures in the ground with a signiﬁcant
ﬂexure rigidity (bending) and a normal stiffness. A three-
dimensional mesh is automatically generated taking into
account the soil stratigraphy and structure levels as deﬁned
by the user. Fig. 1 shows a typical mesh generated by Plaxis
3D Foundation.
Soil is modeled as an elastic-perfectly plastic model using
the Mohr–Coulomb constitutive model built in PLAXIS. In
general stress state, the model’s stress–strain behaves linearly
in the elastic range, with two deﬁning parameters from
Hooke’s law (Young’s modulus, E and Poisson’s ratio, m).
Failure criteria are deﬁned by the angle of shearing resistance
(/) and cohesion (c).
Model validation
The three-dimensional Plaxis model is validated using load–
displacement results from centrifuge tests of laterally loaded
piles embedded in sand [5]. The validation is used to conﬁrm
the ability of Plaxis 3D Foundation ﬁnite element software
to predict the load–displacement relationships for pile groups
with various conﬁgurations (3 · 3ﬁ 3 · 7).
The centrifuge test is performed on solid square bars having
a width of 9.525 mm and an overall length of 304.8 mm
(L/B = 32). Each pile is equipped with strain gauges to deter-
mine the load distribution within the pile group. The centrifuge
test is performed at acceleration equal to 45 g. The equivalent
prototype pile width and length are 0.429 and 13.7 m,Fig. 1 Representative mesh for a pile group subjected torespectively. The spacing between the piles is three times the
pile width. Table 1 summarizes the sand properties used in
the centrifuge test and the numerical model [3,5]. Figs. 2 and
3 show the load versus displacement curves of individual piles
in laterally loaded pile groups (3 · 3, 3 · 4, 3 · 5, 3 · 6 and
3 · 7) embedded in both sand 1 and sand 2, respectively. The
predicted curves (shown as lines) are also found in good
agreement with the measured ones (represented by dots). An
average error of 10% and a maximum error of 12% are
obtained in load component of load–displacement relationship
at maximum applied load when the predicted results are
compared with the measured ones for all conﬁgurations.
Parametric study
A parametric study is performed to evaluate the effect of sand
relative density (angle of shearing resistance and soil modulus),
spacing between piles and row location on the behavior of
laterally loaded piles in groups embedded in sand. The effect
of the investigated parameters on the load–displacement
response of the loaded piles and the load distribution within
pile groups with ﬁxed head conditions are investigated.
The study investigates the behavior of 15 m long, 0.8 m
diameter ﬂexible circular piles. The modulus of elasticity of
the pile is taken as 20 GPa which is typical to concrete with
fcu = 25 MPa. Pile rigidity can be evaluated following the cri-
teria presented in the Egyptian code of practice [6] where piles
are considered rigid when L/t< 2 and are considered ﬂexible
when L/t> 4 where L is the pile length and t is the elastic
length calculated according to Eq. (1).lateral loading generated using Plaxis 3D Foundation.
Fig. 2 Load–displacement curves of laterally loaded pile groups embedded in sand 1.
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Fig. 3 Load–displacement curves of laterally loaded pile groups embedded in sand 2.
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Fig. 4 Modeled 2 · 2 and 3 · 3 pile group conﬁgurations.
Fig. 5 Illustration of shadowing and edge effects in a laterally loaded pile group [7].
Table 2 Investigated soil parameters.
Soil formation Angle of shearing resistance, / () Young’s modulus E (MPa) Poisson’s ratio (m)
Loose 30 20 0.3
Dense 40 40 0.3
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Fig. 6 Load versus deﬂection of 2 · 2 free headed pile groups in loose and dense sand.
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EpIp
n
r
ð1Þ
where:
Ep = Elastic modulus of the pile material (kPa).
Ip =Moment of inertia of the pile (m
4).
n= Empirical value which depends on the sand relative
density.
In the current study, the values of L/t are 6 and 7.78 for
piles embedded in loose and dense sands, respectively. Thus
piles are considered elastic in different cases. For piles with free
head condition, a lateral load of 400 kN is applied at the pile
head. For ﬁxed head piles, a total load equal to 400 kN
multiplied by the number of piles in the group is applied at
the top elevation of the piles. Fig. 4 shows the 2 · 2 and
3 · 3 group conﬁgurations used in the analyses.
Piles are very rarely isolated but are put in groups in order
to increase load resistance. Despite the increase in lateral pile
group resistance, the individual pile resistance decreases. Eachpile pushes the soil behind it creating a shear zone in the soil.
These shear zones begin to enlarge and overlap as the lateral
load increases especially for the case of closely spaced pile
groups. An overlap that occurs between piles in the same
row is called ‘‘edge effect’’, while an overlap that occurs
between piles in different rows is called ‘‘shadowing effect’’.
This overlap in shear zones weakens the soil and results in less
lateral resistance per pile. The overlap in shear zones that
occurs within a pile group is shown in Fig. 5.
The effect of varying the relative density, spacing between
piles and the effect of row location are investigated. Soil
properties used in the analyses are summarized in Table 2.
Analyses were performed for both free and ﬁxed pile head
conditions for single piles, 2 · 2 and 3 · 3 pile groups. Pile
spacings of 2.5, 5 and 8 times the pile diameter were consid-
ered. A series of simulations varying the above parameters
was performed to investigate the effects of pile to pile spacing
and pile head ﬁxation on the load–displacement response of
the pile head for piles embedded in loose and dense sands.
Fig. 7 Load versus deﬂection of 3 · 3 free headed pile groups in loose and dense sands.
8
Fig. 8 Normalized deﬂection at pile top versus normalized spacing for (a) 2 · 2 (b) 3 · 3 free headed pile groups.
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The results of the load–deﬂection curves of the 2 · 2 free head
pile groups embedded in loose and dense sands are shown inFig. 6. It is observed that a rear row pile deﬂects more than
a front row pile for any given spacing. Also for a given row,
the lateral deﬂection decreases with the increase of pile spac-
ing. The load–deﬂection response for a pile group is softer than
Fig. 9 Normalized load per pile versus the normalized pile
center to center spacing for loose sand.
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the pile spacing increases. For S= 8 D, the simulated load–
deﬂection curves approach the load–deﬂection response of a
single pile for both loose and dense sands with a difference
of 13% and 3% for loose and dense sands, respectively. ThisFig. 10 Effect of head ﬁxation on the load–deﬂection response of pagrees with the ﬁndings of Rollins [8] and Krishnamoorthy
and Sharma [9]. The results also indicate that the shadowing
effect diminishes at a faster rate in dense sand compared to
loose sand. A similar load–deﬂection response is noticed for
3 · 3 pile groups as shown in Fig. 7.
To allow a better perspective, a normalization procedure
[10] is adopted to represent the results in a non-dimensional
format for application to piles of varying diameters under dif-
ferent loads. The pile spacing is normalized by pile diameter
(S/D) and the deﬂection is normalized through the following
procedure:
Ixx ¼ ðUxx  Esoil DÞ=Load per pile ð2Þ
where:
Ixx =Normalized deﬂection at pile top.
Uxx = Lateral deﬂection.
Esoil = Soil modulus.
D= Pile diameter.
Fig. 8a and b show the normalized deﬂection at pile top
versus normalized spacing for 2 · 2 and 3 · 3 free headed pile
groups, respectively. It is noted that as the pile spacing
increases, deﬂections approach a constant value in dense sands
which indicates that the shadowing effect is minimized. For
piles embedded in loose sand, lateral deﬂections do not reachiles embedded in loose sand at spacings of 2.5 D, 5 D and 8 D.
86 A.F. Elhakim et al.a constant value with the increase in pile spacing for the 2 · 2
pile group. For the 3 · 3 pile group in dense sand, lateral
deﬂections decrease with the increase in pile spacing up to a
normalized spacing of approximately 5 at which the movement
becomes constant. For 3 · 3 pile groups embedded in loose
sand, the rate of lateral movement of the 3 · 3 pile group
decreases for normalized pile spacing greater than 5 compared
to smaller spacing but does not reach a constant value. Thus, it
may be concluded that the shadowing effect diminishes at a
greater rate in dense sand compared to loose sand.
Effect of pile head ﬁxation
The ﬁxity of the pile head affects its load–displacement under
lateral loading. Typically, the pile head may be unrestrained
(free) head as the pile head is allowed to rotate or restrained
(ﬁxed) head condition where no pile head rotation is permitted.
This section discusses the effect of restricting the rotation of
the pile head on the load–displacement response of laterally
loaded pile groups embedded in loose and dense sands. For
piles with free head condition, a lateral load of 400 kN is
applied at the pile head. For ﬁxed head piles, a total load equal
to 400 kN multiplied by the number of piles in the group is
applied at the top elevation of the piles.
Fig. 9 shows the applied load per pile normalized to the
average load per pile versus the center to center pile spacing
normalized to the pile diameter for 3 · 3 capped piles
embedded in loose sand. The front row in the group carries
the highest load, middle and back row piles carry smaller loads
for a given displacement. These results are in agreement with
the ﬁndings made by Ruesta and Townsend [11], Rollins
et al. [12] and Rollins [13]. Furthermore, it is observed that
as the pile spacing increases, the normalized lateral load
approaches unity since the shadowing effect decreases with
the increase in pile to pile spacing in agreement with Zhang
and Small [10].
Simulations of piles embedded in loose and dense sands
were performed. Three center-to-center pile spacings were con-
sidered in the analyses (2.5 D, 5 D and 8 D). The results of
these simulations for piles embedded in loose sand are shown
in Fig. 10. As expected, the pile lateral head movement
decreases for ﬁxed head condition compared to free head con-
dition in agreement with the ﬁndings of Duncan et al. [14]. The
ratio of the maximum pile head movements under free and
ﬁxed conditions varied between approximately 1.3 and 2.4
depending on the pile position and spacing. Similar ﬁndings
were found for piles embedded in loose sands placed in 2 · 2
groups as well as piles placed in dense sands with results
presented by Awad [15].Summary and conclusions
Three dimensional ﬁnite element modeling is used to assess the
load-movement response of laterally loaded piles embedded in
sand. The three-dimensional Plaxis model is validated using
results from centrifuge tests of laterally loaded piles embedded
in sand. The validation is used to conﬁrm the ability of Plaxis
3D Foundation ﬁnite element software to predict the load–
displacement relationships for pile groups with various
conﬁgurations.A parametric study is performed to evaluate the effect of
sand relative density (angle of shearing resistance and soil
modulus), spacing between piles and row location on the
behavior of laterally loaded piles in groups embedded in loose
and dense sand formations. Based on the results of the para-
metric study, the following conclusions are made.
(1) It is concluded that piles installed in groups at
close spacings deﬂect more than a single pile sub-
jected to the same lateral load per pile because of
group effect.
(2) The load deﬂection response of piles in groups is
softer compared to single pile load deﬂection curve.
The difference becomes less signiﬁcant with the
increase in pile spacing due to the decrease of the
shadowing effect.
(3) For pile groups with ﬁxed head, the front row in
the group carries the highest load, middle and back
row piles carry smaller loads for a given displace-
ment. The ratio of the maximum pile head move-
ments under free and ﬁxed conditions varied
between approximately 1.3 and 2.4 depending on
the pile position and spacing.
(4) The shadowing effect diminishes at a greater rate in
dense sand compared to loose sand.
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